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Abstract

Purpose: The purpose of this study was to develop a method for quantifying the ex-
tent of renal dysfunction due to drug-induced nephrotoxicity using dynamic con-
trast-enhanced computed tomography (DCE-CT) and to investigate the protective
effects of various antioxidant agents against cis-dichlorodiammineplatinum (cispla-
tin)-induced nephrotoxicity in rats using this method. Materials and Methods: The
DCE-CT studies were performed in 8-week-old male Sprague-Dawley rats. The CT
scanning started 4 s before a bolus intravenous injection of iodinated contrast agent
(CA) (150 mgl/kg) from the tail vein using an automatic injector and lasted 90 s at
1-s intervals. The contrast clearance per unit renal volume (K;) was estimated from
the DCE-CT data using the Patlak model. The renal volume ( V) was calculated by
manually delineating the kidney on the CT image. The contrast clearance of the en-
tire kidney (K) was obtained by K = K, xV . First, to investigate the effect of CA it-
self, the DCE-CT studies were performed without injecting cisplatin 2, 4, and 7 days
after the first DCE-CT study on day 0. Second, to investigate the effect of injected
dose of cisplatin, the DCE-CT study was performed after the intraperitoneal (i.p.)
injection of cisplatin (1.8 mg/kg) and was repeated every other day for one week. Fi-
nally, to investigate the protective effects of antioxidant agents [L-arginine (300
mg/kg), N-acetylcysteine (500 or 1000 mg/kg), methimazole (40 mg/kg), captopril
(60 mg/kg), and taurine (750 mg/kg)], the DCE-CT studies were performed on days
0, 2, 4, and 7 after the i.p. injection of cisplatin (3.6 mg/kg). For comparison, the
DCE-CT data were also acquired without injecting the antioxidant agents (CDDP
group). Results: When cisplatin was not injected, there were no significant changes
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in the K value as compared to that on day 0 within the studied period. The X valu-
esignificantly (p < 0.05) decreased with increasing dose of cisplatin. Although some
differences were observed in the extent of change in the K value normalized by that
on day 0, depending on the antioxidant agents and their injected dose and schedule,
the normalized K values on day 7 in the groups injected with the antioxidant agents
were significantly higher than those in the CDDP group, suggesting that the antioxi-
dant agents studied here had protective effects against cisplatin-induced nephrotox-
icity in varying degrees. Conclusion: Our method appears useful for quantitatively
evaluating the protective effects of antioxidant agents against cisplatin-induced neph-
rotoxicity and for investigating the optimal injected dose and schedule of the agents,
because it allows repeated measurements of split renal function in a single animal.
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1. Introduction

Dynamic contrast-enhanced computed tomography (DCE-CT) acquires CT images se-
rially after the administration of intravenous contrast agent (CA) [1]. DCE-CT has be-
come a major imaging technique and has been widely used for evaluating the hemody-
namics in normal tissue and benign and malignant tumors as well as for monitoring
therapeutic effectiveness during and after therapy [1]-[3]. Dynamic contrast-enhanced
magnetic resonance imaging (DCE-MRI) has also been used for studying the hemody-
namics in normal and tumor tissues [4]-[6]. Although DCE-MRI provides spatial and
temporal resolution comparable to DCE-CT and does not involve the use of ionizing
radiation, it has some disadvantages. Whereas the change in the CT number is directly
proportional to the change in the concentration of CA for DCE-CT, for DCE-MRI the
relationship breaks down at high concentrations of certain CAs leading to errors of
physiologic parameters [7].

Determination of glomerular filtration rate (GFR) is important in the evaluation of
renal function [8]. Any substance that is filtered at the glomerulus and not reabsorbed
by the renal tubules may be used as a marker of GFR. The conventional iodinated CAs
have pharmacokinetics comparable to those of inulin, generally regarded as the bench-
mark extracellular fluid marker in physiology. Thus, values for the plasma clearance of
iodinated CA are at least closely related to GFR [8].

Since DCE-CT offers the capability to measure noninvasively changes in concentra-
tion of CA in almost any regions of interest (ROIs), the potential of DCE-CT for func-
tional renal imaging is considerable. In clinical practice, the measurement of creatinine
clearance remains the most widely used method for obtaining an index of GFR. Mea-

surement of creatinine clearance as well as any other methods with exogenous markers,
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requires a carefully timed urine collection (usually 24 h) and blood sampling [8]. Ra-
dionuclide methods provide an accurate GFR measurement but their use is limited by
the inherent restrictions associated with the clinical use of radioisotopes [9]. Measure-
ments of contrast clearance using DCE-CT do not require urine collection and blood
sampling, and easy to perform even on outpatients. This method will also be useful for
evaluation of split renal function, and spatial resolution of CT is superior to that of ra-
dionuclide methods [8].

Cis-dichlorodiammineplatinum (cisplatin) is an important antineoplastic drug and
particularly effective for the treatment of testicular and ovarian cancers [10] [11].
However, the dose-limiting nephrotoxicity of the drug is still a major clinical problem
[12] [13].

Although the mechanism by which cisplatin induces renal injury is not well unders-
tood, a large body of evidence supports the concept that oxidative stress may play an
important role in the pathophysiology of cisplatin-induced nephrotoxicity and that free
radical generation and lipid peroxidation play a role in this toxicity [14] [15]. Accor-
dingly, multiple trials for the reduction of nephrotoxicity have been reported using
various antioxidant agents [16]-[22]. To accomplish the reduction of nephrotoxicity
using antioxidant agents, it is important to quantitatively monitor the extent of renal
dysfunction due to drug-induced nephrotoxicity and the effectiveness of antioxidant
agents against this toxicity.

The purpose of this study was to develop a method for quantifying the extent of renal
dysfunction due to drug-induced nephrotoxicity using DCE-CT, and to investigate the
protective effects of various antioxidant agents against cisplatin-induced nephrotoxicity

in rats using this method.

2. Materials and Methods
2.1. Kinetic Model of Contrast Agent in the Kidney

The kinetic model used for analysis consists of two compartments, 7e., the blood and
the kidney. When using this model, the differential equation describing the kinetic be-
havior of CA in the kidney is given by [23]

d[Cyq (t)—F-Cy(1)]

dt

=K, -C, (1) =k, [ Cyy (1) = F-Cy (1) ] (1)

where C,, (t) and C,(t) are the concentrations of the CA at time # in the kidney
and the blood, respectively. K| and %, represent the rate constants for the transfer of CA
from the blood to the kidney via glomerular filtration and outflow of the CA from the
kidney, respectively. fdenotes the blood volume fraction.

Solving Equation (1) for C,, (t) with the assumption that the initial conditions are
zero and £k, is negligible during the sampling period yields.

Caa (1) =K, [1C, (u)du+ f -C, (1) @)

where u is a variable of integration. Dividing both sides of Equation (2) by C, (t)
yields.
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Cuq (1) -K .J‘;Cb (u)du
G G

K, and fcan be estimated from Equation (3) using the Patlak graphical method [24].

+f. ?3)

The clearance of CA in the entire kidney (X) is given by
K=K,V (4)

where Vrepresents the renal volume. It should be noted that K'is the GFR in terms of
the whole blood.

In this study, the time-attenuation curve (TAC) in the aorta was used as an arterial
input function (AIF) instead of that in the renal artery, because it was difficult to di-
rectly obtain the TAC in the renal artery. The transit time of the CA from the aorta to
the renal artery was corrected as follows. First, we manually drew the ROIs on the aorta
and entire kidney as illustrated in Figure 1, and then generated the TACs in the aorta
and entire kidney ROIs. Second, the transit time between the aorta and the kidney was
determined by visually finding the rise points of these TACs. Finally, the transit time
was corrected by shifting the TAC in the aorta to that in the entire kidney. The disper-
sion in AIF between the aorta and the kidney ROIs was not corrected in this study.

The partial volume effect (PVE) on C, (t) was corrected according to Cenic et al
[25] Briefly, a calibration curve was generated by phantom experiments containing
background and contrast tubes with various diameters [23]. From the calibration curve,
the recovery coefficient (RC) value was determined, knowing the standard deviation
(SD) of the gaussian fit to the background-subtracted image profile of the aorta from
which the AIF was obtained [23]. The AIF corrected for the PVE was obtained by mul-
tiplying the AIF by the RC value obtained above. Figure 2(a) and Figure 2(b) show the
typical example of C,(t) and C,,(t) and Patlak plot, respectively.

Calculations were performed using MATLAB (The MathWorks, Inc., Natick, MA,
USA) on a Pentium 4 (2.8 GHz) computer with 2-GB RAM.

O=e O
e

10 mm

Figure 1. Example of the regions of interest (ROIs) drawn on the aorta (arrow) and entire kidneys
(arrowheads) to obtain the time-attenuation curves (TACs) from dynamic contrast-enhanced com-
puted tomography (DCE-CT) data. The TAC in the aorta ROI was used as an arterial input function.
The CT image shown here was acquired 20 s after the start of scanning (scale bar = 10 mm).
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Figure 2. (a) Typical example of the TACs in the aorta [C,(t)] and entire kidney [C,, (t)]-
H.U. stands for Hounsfield unit. (b) Patlak plot in which the normalized time given by
J'Ot c,(u)du/C,(t) was taken as the x axis and C,, (t)/C,(t) was taken as the y axis. The rate

constant for the transfer of contrast agent (CA) from the blood to the kidney via glomerular fil-
tration (X)) and blood volume fraction (£) were obtained from the slope and y-intercept of the
fitted line (solid line) of the Patlak plot, respectively.

2.2. Animal Experiments

All animal experiments were approved by the animal ethics committee at Osaka Uni-

versity School of Medicine.

2.2.1. Animals

Male Sprague-Dawley rats were used in all experiments. They were purchased from
Charles River Laboratories Japan, Inc. (Yokohama, Japan). The rats had free access to
food and water, and were kept under standard laboratory conditions of 22 - 23 degree
room temperatures, around 50% humidity, and a 12:12 hour light/dark cycle.

2.2.2. DCE-CT Protocol

The DCE-CT studies were performed using a 4-row multi-slice CT (Asteion, Toshiba
Medical Systems Co., Tochigi, Japan). For selection of the appropriate transverse level
for DCE-CT studies, unenhanced scout scanning through the kidneys was performed
with a tube voltage of 120 kV and a tube current of 80 mA. After selection of the trans-
verse level, the DCE-CT study was performed with the same tube voltage and tube cur-
rent used for scout scanning. The matrix size was 512 x 512 and the field of view (FOV)
was 90 mm x 90 mm. Four slices with a thickness of 3 mm were acquired with a gantry
rotation speed of 1.5 s.

For the dynamic study, CT scanning was initiated 4 s before administration of CA. A
bolus of 150 mgl/kg of iodinated CA [Iopamiron 300 (300 mgl/mL), Bayer Schering
Pharma, Osaka, Japan] was intravenously administered at a rate of 0.125 mL/s for 2 s
via the 26-gauge tail vein catheter using an automatic injector of our own manufacture.
Dynamic scanning was continued for 90 s, and transverse images were reconstructed at
1-s intervals, resulting in 90 consecutive images per slice.

After the DCE-CT scanning, helical CT scanning covering the entire kidneys was
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performed with the same tube voltage, tube current, and FOV used for DCE-CT scan-
ning, a slice thickness of 1 mm, and a table speed of 5.5 mm/rotation, Ze., a helical pitch

of 5.5 for the measurement of renal volumes.

2.2.3. Measurement of Renal Volume

The renal volume [ Vin Equation (4)] of each kidney was measured by helical CT after
the DCE-CT study as described above. The kidney was continuously scanned from up-
per pole to lower pole, using 1-mm thickness and 1-mm interval. Renal contours were
identified from each tomographic level and the surrounded areas were multiplied by

slice thickness (1 mm) to yield global renal volume.

2.2.4. Measurement of Creatinine Clearance

Endogenous creatinine clearance (C,) was measured as follows. First, rats were housed
in metabolic cages for 24 h and urine was collected one day before the last DCE-CT
study. After the last DCE-CT study, blood samples were collected by heart puncture
and used for the hematocrit measurement. Serum was separated from blood samples by
centrifugation at 6200 rpm for 10 min and used for the determination of creatinine.
The kidneys were removed for histopathological evaluation. The C, was calculated ac-
cording to the standard formula C, =U_ xV, /P, in which U, is the creatinine con-
centration in the 24 h urine portion, V, is the volume of the urine for one minute, and
P is the plasma concentration of creatinine measured in the same time period [26]
[27].

2.3. Effect of Contrast Agent

A total of 6 rats (8 weeks old) weighing 284 * 4 g (mean + SD) were used to investigate
the effect of CA itself. The DCE-CT studies were performed on days 0, 2, 4, and 7. Day
0 was defined as the day of the first DCE-CT study. When performing the DCE-CT
studies, the animal was anaesthetized using pentobarbital sodium (Somnopentyl, Kyo-
ritsu Seiyaku Co., Tokyo, Japan) at a dose of 50 mg/kg and was placed on the CT table
in a prone position. To reduce the physiological motion such as respiratory motion, we

immobilized the animal with surgical tape.

2.4. Effect of Injected Dose of Cisplatin

A total of 36 rats (8 weeks old) weighing 283 + 8 g (mean + SD) were used to investi-
gate the effect of injected dose of cisplatin. The rats were divided into a control (n = 9)
and cisplatin-treated groups (n = 27). The rats in the cisplatin-treated group were given
1.8 mg/kg of cisplatin (Nippon Kayaku Co., Tokyo, Japan) intraperitoneally (i.p.) every
other day [23], and were divided into three groups based on the number of injections;
two-times treated (n = 9), four-times treated (n = 9), and six-times treated groups (n =
9). On the day after the last cisplatin injection, the DCE-CT studies were performed.
The rats in the control group were i.p. injected with saline (3.8 mL/kg) and then the
DCE-CT study was performed. Because the injected volume of saline ranged from 2.5

to 5 mL/kg in [18] [20] [22], this injected volume was determined by averaging these
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values.

2.5. Protective Effects of Antioxidant Agents

In this study, L-arginine (L-ARG), N-acetylcysteine (NAC), methimazole, captopril,
and taurine were used as antioxidant agents. N°-nitro-L-arginine methyl ester (L-NAME)
was used as a nitric oxide synthase inhibitor. L-ARG, L-NAME, NAC, methimazole,
and taurine were purchased from Sigma-Aldrich Japan Co. (Tokyo, Japan). Captopril
was purchased from Tokyo Chemical Industry Co. (Tokyo, Japan). Unless specifically
stated, the DCE-CT studies were performed on days 0, 2, 4, and 7. Day 0 was defined as
the day of cisplatin injection.

2.5.1. Treatment with Cisplatin Alone
A total of 15 rats (8 weeks old) weighing 290 + 7 g (mean + SD) were used to investi-
gate the effect of cisplatin alone. They were divided into two groups [CDDP (1) and
CDDP (2)]. The rats in the CDDP (1) group were i.p. injected with a single dose of cis-
platin (3.6 mg/kg) on day 0 and were injected with saline (3.8 mL/kg) every day the-
reafter (n = 6). The rats in the CDDP (2) group were i.p. injected with a single dose of
cisplatin (3.6 mg/kg) alone (n = 9).

The K values normalized by those on day 0 in the CDDP (1) group were compared
with those in the groups injected with L-ARG, L-NAME, methimazole, captopril, and
taurine in addition to cisplatin, whereas thenormalized K values in the CDDP (2) group

were compared with those in the group injected with cisplatin and NAC.

2.5.2. Treatment with L-ARG and L-NAME

A total of 18 rats (8 weeks old) weighing 295 + 12 g (mean + SD) were used to investi-
gate the effects of L-ARG, L-NAME, and their combination. They were divided into
three groups (ARG, NAME, and ARG-NAME), each consisting of 6 animals. The rats
in the ARG group were i.p. injected with cisplatin (3.6 mg/kg) on day 0, followed im-
mediately by L-ARG (300 mg/kg) administration (i.p.) [16]. L-ARG (300 mg/kg) was
i.p. injected every day thereafter. The rats in the NAME group were i.p. injected with
cisplatin (3.6 mg/kg) on day 0, followed immediately by L-NAME (10 mg/kg) adminis-
tration (i.p.) [16]. L-NAME (10 mg/kg) was i.p. injected every day thereafter. The rats
in the ARG-NAME group were i.p. injected with cisplatin (3.6 mg/kg) on day 0, fol-
lowed immediately by i.p. administration of both L-ARG (300 mg/kg) and L-NAME
(10 mg/kg). Both L-ARG (300 mg/kg) and L-NAME (10 mg/kg) were i.p. injected every
day thereafter.

2.5.3. Treatment with NAC

A total of 12 rats (8 weeks old) weighing 301 + 12 g (mean + SD) were used to investi-
gate the effect of NAC. They were divided into two groups [NAC (500) and NAC
(1000)], each consisting of 6 animals. The rats in the NAC (500) group were intrave-
nously (i.v.) injected with NAC at a single dose of 500 mg/kg 15 min before i.p. injec-
tion of cisplatin (3.6 mg/kg) on day 0, whereas the rats in the NAC (1000) group were
i.v. injected with NAC at a single dose of 1000 mg/kg 15 min before the i.p. injection of
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cisplatin (3.6 mg/kg) [17].

2.5.4. Treatment with Methimazole

A total of 10 rats (8 weeks old) weighing 288 + 6 g (mean + SD) were used to investi-
gate the effect of methimazole. They were divided into two groups [Methimazole (1)
and Methimazole (2)], each consisting of 5 animals. The rats in the Methimazole (1)
group were i.p. injected with methimazole (40 mg/kg) 30 min before i.p. injection of
cisplatin (3.6 mg/kg) on day 0 [19]. They were i.p. injected with methimazole (40
mg/kg) every day after cisplatin injection. The rats in the Methimazole (2) group were
i.p. injected with methimazole (40 mg/kg) 30 min before and 30 min, 1 h, 2 h, 4 h, and
8 h after i.p. injection of cisplatin (3.6 mg/kg) on day 0 [20]. They were i.p. injected
with methimazole (40 mg/kg) every day thereafter, as in the Methimazole (1) group.

2.5.5. Treatment with Captopril and Taurine

Six rats (8 weeks old) weighing 291 + 7 g (mean * SD) were used to investigate the ef-
fect of captopril (Captopril group). They were i.p. injected with captopril (60 mg/kg) 30
min before i.p. injection of cisplatin (3.6 mg/kg) on day 0 [21]. After cisplatin injection,
they were i.p. injected with captopril (60 mg/kg) every day.

Six rats (8 weeks old) weighing 281 + 7 g (mean + SD) were used to investigate the
effect of taurine (Taurine group). They were i.p. injected with taurine (750 mg/kg) 1 h
before i.p. injection of cisplatin (3.6 mg/kg) on day 0 [22]. After cisplatin injection, they
were 1.p. injected with taurine (750 mg/kg) every day.

2.6. Histopathological Evaluation

After the final DCE-CT study, rats were sacrificed and kidneys were removed for his-
topathological evaluation. The resected kidney was sectioned in blocks, fixed in 20%
formalin, then dehydrated in graded concentrations of alcohols and embedded in pa-
raffin. The kidney block was cut into 2-pum sections and stained with hematoxylin and
eosin (H & E) or periodic acid Schiff’s (PAS) reagents to demonstrate polysaccharides,
neutral mucopolysaccharide, and glycoproteins from epithelial tubular membranes.
The histopathological observation was performed using a light microscope (ECLIPSE80i,
NIKON Co. Ltd., Tokyo, Japan).

2.7. Statistical Analysis

Unless specifically stated, data were represented as mean * standard error (SE). When
investigating the correlation between the C_. and K values, regression analysis was per-
formed and the correlation coefficient and regression equation were calculated. When
investigating the effect of CA, the paired Student’s #test was used to test for significant
differences in the K'values compared to those on day 0. When investigating the effect of
injected dose of cisplatin, the paired Student’s #test was also used to test for significant
differences in the K values compared to those without cisplatin injection. When inves-
tigating the effects of antioxidant agents, the K values were normalized by those on day

0 and the paired Student’s #test was used to test for significant differences in the nor-
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malized K values compared to those on day 0. When comparing the normalized K val-
ues between groups, the unpaired Student’s #test was used. A p-value less than 0.05 was

considered significant.

3. Results

3.1. Correlation between Creatinine Clearance and K Value

Figure 3 shows the correlation between the C, (x, mL/min) and K values (y, mL/min)
in 160 kidneys selected randomly from this study. As shown in Figure 3, there was a
significant (p < 0.01) correlation between them with a correlation coefficient of r = 0.705

and a regression equation of y = 0.516 x + 0.388.

3.2. Effect of Contrast Agent

Figure 4 shows the comparison of the K values obtained from the DCE-CT studies
performed without injecting cisplatin on days 0, 2, 4, and 7. Note that day 0 is the day
of the first DCE-CT study. As shown in Figure 4, there were no significant differences
in the K'values on days 2, 4, and 7 as compared to that on day 0.

3.3. Effect of Injected Dose of Cisplatin

Figure 5(a) shows the K'values as a function of the cisplatin injection number, whereas
Figure 5(b) shows the H & E stain images in the control (upper left), two-times treated
(upper right), four-times treated (lower left), and six-times treated groups (lower right).
As shown in Figure 5, the K value decreased (a) and the extent of renal damage in-

creased with increasing number of cisplatin injection (b).

3.4. Treatment with L-ARG and L-NAME

Figure 6(a) shows the time courses of the K value normalized by that on day 0 in the
CDDP (1), ARG, NAME, and ARG-NAME groups. There were significant differences
between the CDDP (1) and ARG groups on days 2 and 7, between the CDDP (1) and

6 T T T T T
—— y=0.388+0.516x |

S r=0.705
~~ 4 I ]
R=| ° e
g
a3
E
M 2

1

o L&

0

1 2 3 4 5 6
Creatinine clearance (mL/min)
Figure 3. Relationship between creatinine clearance (C,) and the K'value in 160 kidneys selected
randomly from this study. Note that the K value was calculated from Equation (4) and there was
a significant (p < 0.01) correlation between the C, and K'values.
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Figure 4. K values obtained from the DCE-CT studies performed without injection of cisplatin
on days 0, 2, 4, and 7. Note that day 0 is the day of the first DCE-CT study. Bar and error bar
represent mean and standard error (SE), respectively.

3.5 T T T

3

K (mL/min)
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— wn (3] W
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(=]

2 4
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()

Figure 5. (a) K values as a function of cisplatin injection number. Bar and error bar represent
mean and SE, respectively. (b) Hematoxylin and eosin (H & E) stain images in the control (upper
left), two-times treated (upper right), four-times treated (lower left), and six-times treated groups
(lower right). Magnification, x200. Scale bar = 100 pm.

NAME groups on day 4, and between the CDDP (1) and ARG-NAME groups on days 2
and 7. Figure 6(b) shows the PAS stain images obtained from the CDDP (1) (upper
left), ARG (upper right), NAME (lower left), and ARG-NAME groups (lower right). As
shown in Figure 6(b), the extent of renal damage was the most severe in the NAME
group, followed by the CDDP (1), ARG-NAME, and ARG groups in descending order.
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3.5. Treatment with NAC

Figure 7(a) shows the time courses of the K value normalized by that on day 0 in the
CDDP (2), NAC (500), and NAC (1000) groups. Although there were no significant
differences between the CDDP (2) and NAC (500) groups in all cases, there were sig-
nificant differences between the CDDP (2) and NAC (1000) groups on days 2, 4, and 7.
Figure 7(b) shows the PAS stain images obtained from the CDDP (2) (left), NAC (500)
(middle), and NAC (1000) groups (right). As shown in Figure 7(b), the extent of renal
damage was the most severe in the CDDP (2) group, followed by the NAC (500) and
NAC (1000) groups in descending order.

1.2 T
——CDDP (1)—&—NAME
—— ARG —4— ARG-NAME|
1+ =
308 .
E *
T;sO.() - —
X
=
804t .
=
E M
S021 .
0 1 1 1 !
0 2 4 6 8

Days after cisplatin injection

(b)

Figure 6. (a) K values normalized by that on day 0 as a function of days after cisplatin injection
for the CDDP (1) (e), ARG (), NAME (A ), and ARG-NAME groups (¢). The rats in the CDDP
(1) group were intraperitoneally (i.p.) injected with a single dose of cisplatin (3.6 mg/kg) on day 0
and were injected with saline (3.8 mL/kg) every day thereafter. The rats in the ARG group were
i.p. injected with cisplatin (3.6 mg/kg) on day 0, followed immediately by L-arginine (L-ARG)
(300 mg/kg) administration (i.p.). L-ARG (300 mg/kg) was i.p. injected every day thereafter. The
rats in the NAME group were i.p. injected with cisplatin (3.6 mg/kg) on day 0, followed im-
mediately by N¢-nitro-L-arginine methyl ester (L-NAME) (10 mg/kg) administration (i.p.).
L-NAME (10 mg/kg) was i.p. injected every day thereafter. The rats in the ARG-NAME group
were i.p. injected with cisplatin (3.6 mg/kg) on day 0, followed immediately by i.p. administration
of both L-ARG (300 mg/kg) and L-NAME (10 mg/kg). Both L-ARG (300 mg/kg) and L-NAME
(10 mg/kg) were i.p. injected every day thereafter. *: p < 0.05 compared to the CDDP (1) group.
(b) Periodic acid Schiff’s (PAS) stain images in the CDDP (1) (upper left), ARG (upper right),
NAME (lower left), and ARG-NAME groups (lower right). Magnification, x200. Scale bar = 100
pm.
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Figure 7. (a) K values normalized by that on day 0 as a function of days after cisplatin injection
for the CDDP (2) (e), NAC (500) (=), and NAC (1000) groups (A ). The rats in the CDDP (2)
group were i.p. injected with a single dose of cisplatin (3.6 mg/kg) alone on day 0. The rats in the
NAC (500) group were intravenously (i.v.) injected with N-acetylcysteine (NAC) (500 mg/kg)
15 min before i.p. injection of cisplatin (3.6 mg/kg) on day 0. The rats in the NAC (1000) group
were 1.v. injected with NAC (1000 mg/kg) 15 min before i.p. injection of cisplatin (3.6 mg/kg) on
day 0. *: p < 0.05 compared to the CDDP (2) group. (b) PAS stain images in the CDDP (2) (left),
NAC (500) (middle), and NAC (1000) groups (right). Magnification, x200. Scale bar = 100 um.

3.6. Treatment with Methimazole

Figure 8(a) shows the time courses of the K value normalized by that on day 0 in the
CDDP (1), Methimazole (1), and Methimazole (2) groups. There were significant dif-
ferences between the CDDP (1) and Methimazole (1) groups on day 7 and between the
CDDP (1) and Methimazole (2) groups on days 2, 4, and 7. The normalized K values in
the Methimazole (2) group were significantly higher than those in the Methimazole (1)
group on days 2, 4, and 7. Figure 8(b) shows the PAS stain images obtained from the
CDDP (1) (left), Methimazole (1) (middle), and Methimazole (2) groups (right). The
extent of renal damage was the most severe in the CDDP (1) group, followed by the

Methimazole (1) and Methimazole (2) groups in descending order.

3.7. Treatment with Captopril and Taurine

Figure 9(a) shows the time courses of the K value normalized by that on day 0 in the
CDDP (1), Captopril, and Taurine groups. There were significant differences between
the CDDP (1) and Captopril groups on day 7 and between the CDDP (1) and Taurine
groups on days 2, 4, and 7. Figure 9(b) shows the PAS stain images obtained from the
CDDP (1) (left), Captopril (middle), and Taurine groups (right). The extent of renal
damage was the most severe in the CDDP (1) group. Although the extents of renal
damage in the Captopril and Taurine groups were smaller than that in the CDDP (1)
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Figure 8. (a) K values normalized by that on day 0 as a function of days after cisplatin injection
for the CDDP (1) (@), Methimazole (1) (=), and Methimazole (2) groups (A). The rats in the
Methimazole (1) group were i.p. injected with methimazole (40 mg/kg) 30 min before i.p. injec-
tion of cisplatin (3.6 mg/kg) on day 0 and every day thereafter. The rats in the Methimazole (2)
group were i.p. injected with methimazole (40 mg/kg) 30 min before and 30 min, 1 h, 2 h, 4 h,
and 8 h after i.p. injection of cisplatin (3.6 mg/kg) on day 0 and every day thereafter. *: p < 0.05
compared to the CDDP (1) group. (b) PAS stain images in the CDDP (1) (left), Methimazole (1)
(middle), and Methimazole (2) groups (right). Magnification, X200. Scale bar = 100 um.

group, there was no significant difference between the Captopril and Taurine groups

visually.

4. Discussion

In this study, we developed a method to quantitatively evaluate renal function using
DCE-CT and investigated its feasibility and usefulness as a nephrotoxicity-testing tool
by applying it to the evaluation of cisplatin-induced renal dysfunction in rats. We also
investigated the protective effects of various antioxidant agents against cisplatin-
induced nephrotoxicity in rats using our method.

In the clinical setting, the measurement of C, remains the most widely used method
for obtaining an index of GFR [26] [27]. As previously described, the measurement of
the C,

cr>

as well as any other methods with exogenous markers, requires a carefully
timed urine collection (usually 24 h) and blood sampling [26] [27]. Although radionuc-
lide methods provide an accurate GFR measurement, their use is limited by the inhe-
rent restrictions associated with the clinical use of radioisotopes [9]. On the other hand,
our method using DCE-CT requires neither urine collection nor blood sampling and
will be easy to perform even on outpatients. Our method can also be applied to the
evaluation of split renal function.

In this study, we used the Patlak model to calculate the contrast clearance per unit
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Figure 9. (a) K values normalized by that on day 0 as a function of days after cisplatin injection
for the CDDP (1) (e), Captopril (s), and Taurine groups (A ). The rats in the Captopril group
were i.p. injected with captopril (60 mg/kg) 30 min before i.p. injection of cisplatin (3.6 mg/kg)
on day 0 and every day thereafter. The rats in the Taurine group were i.p. injected with taurine
(750 mg/kg) 1 h before i.p. injection of cisplatin (3.6 mg/kg) on day 0 and every day thereafter. *:
P < 0.05 compared to the CDDP (1) group. (b) PAS stain images in the CDDP (1) (left), Capto-
pril (middle), and Taurine groups (right). Magnification, x200. Scale bar = 100 um.

renal volume, Ze., K in Equation (1) from the DCE-CT data. This model is based on
the assumption that there is no outflow of the CA from the kidney during the sampling
period, ie, Kk, =0 in Equation (1) [28] [29]. In addition, we used an ROI that encom-
passed the entire kidney including the renal cortex and medulla as illustrated in Figure
1. As shown in Figure 2(b), a good linear relationship was obtained in the Patlak plot,
suggesting that the outflow of the CA from the entire kidney was negligible during the
sampling period in this study. Furthermore, the K value obtained from the Patlak mod-
el showed a significant correlation with C, (r = 0.705) (Figure 3). These results suggest
that the Patlak model is useful and appropriate for the measurement of GFR in rats.
However, the slope and y-intercept of the regression line between the C, and K values
(Figure 3) were 0.516 and 0.388, respectively. When considering the fact that C, de-
rives from both the left and right kidneys, whereas the K value derives from a single
kidney, they were somewhat greater than the ideal slope and y-intercept, Ze., 0.5 and 0,
respectively. This may be due to the overestimation of renal volume ( V), which was
used in calculating the K'value using Equation (4).

As previously described, we measured renal volumes by manually tracing the kidney
on the CT images. To investigate the accuracy of this method, we previously compared
the renal volumes measured by the manual tracing method and those measured by the
formalin displacement method after sacrifice [29]. Although the renal volumes ob-

tained by the manual tracing method significantly correlated with those measured by
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the formalin displacement method, they were overestimated by approximately 20%
compared to those measured by the formalin displacement method [29]. This was
probably due to the uncertainty of the renal boundary caused by partial volume effect
and/or kidney movement due to physiological motion. To measure the renal volume
more precisely, it would be necessary to use a more sophisticated method such as the
level set method [30]. This will be one of the subjects of our future study.

To investigate the effect of CA on GFR, we performed animal experiments without
injection of cisplatin (Figure 4). As shown in Figure 4, there were no significant
changes in the K value until day 7, indicating that the CA itself does not significantly
affect the K'value within the studied period.

Cisplatin is a commonly used chemotherapeutic drug in the treatment of several sol-
id tumor types [10] [11]. As previously described, however, the dose-limiting nephro-
toxicity is a major clinical problem [12] [13]. The K values obtained in this study de-
creased significantly with increasing cisplatin injection number (Figure 5(a)). In addi-
tion, the histopathological data (Figure 5(b)) showed that the renal damage due to cis-
platin injection in terms of the dilatation of proximal tubules progressed in a dose-
dependent manner. These findings appear to support the fact that cisplatin has dose-
dependent renal toxicity.

Despite the fact that the underlying mechanism of cisplatin-induced nephrotoxicity
is still unclear, in vitro and in vivo studies provide strong evidences that implicate
oxidative stress as a mediator of cisplatin-induced nephrotoxicity [12]. Thus, we inves-
tigated the ability of various antioxidant agents (L-ARG, NAC, methimazole, captopril,
and taurine) to prevent cisplatin-induced nephrotoxicity, using our method. As shown
in Figure 6(a) to Figure 9(a), although some differences were observed in the extent of
change in the K value normalized by that on day 0, depending on the agents and their
injected dose and schedule, the normalized K values on day 7 were significantly higher
than those in the CDDP (1) or CDDP (2) group in all agents. Our histopathological da-
ta (Figure 5(b)) showed that the vacuolar formation and dilation of proximal tubules
progressed with decreasing K 'value. Thus, the above findings appear to indicate that the
antioxidant agents studied here have protective effects against cisplatin-induced neph-
rotoxicity in varying degrees.

It has been reported that a nitric oxide precursor, L-ARG attenuated the oxidative
stress and nephrotoxic effect of cisplatin [16]. In contrast, a nitric oxide synthase inhi-
bitor, L-NAME was found to aggravate cisplatin-induced nephrotoxicity [16]. As
shown in Figure 6(a), the normalized K value in the ARG group was significantly
higher than that in the CDDP (1) group 2 and 7 days after cisplatin injection, whereas
the normalized K value in the NAME group was significantly lower than that in the
CDDP (1) group 4 days after cisplatin injection. These findings can also be confirmed
by our PAS stain images (Figure 6(b)). These results appear to support the previous
report [16]. Interestingly, when L-ARG and L-NAME were administered simulta-
neously (ARG-NAME group), the decrease in the normalized K value induced by
L-NAME was restored by the simultaneous administration of L-ARG, suggesting that
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nitric oxide is deeply involved in cisplatin-induced nephrotoxicity. If we combined our
method with administration of drugs with various functions, it might be helpful for
elucidating the underlying mechanism of drug-induced nephrotoxicity.

NAC is a precursor of glutathione and a thiol-containing antioxidant agent originally
introduced as a mucolytic agent. It has been reported that NAC has beneficial effects on
renal injury induced by cisplatin [17] [18]. As shown in Figure 7(a), there were signifi-
cant differences in the normalized K value between the CDDP (2) and NAC (1000)
groups 2, 4, and 7 days after cisplatin injection. Although there was a tendency for the
normalized K value in the NAC (500) group to be higher than that in the CDDP (2)
group, it did not reach statistical significance. These results suggest that the protective
effect of NAC largely depends on the injected dose and the selection of an appropriate
dose of NAC is important for enhancing the protective effect of NAC. Our method will
be useful for investigating the optimal injected dose of these drugs in a preclinical stage.

Methimazole is an antithyroid drug commonly used for the treatment of hyperthy-
roidism. Braunlich et al [19] and Osman et al [20] reported that methimazole signifi-
cantly reduced the toxicity of several nephrotoxic drugs. The mechanism by which me-
thimazole reduces the nephrotoxicity, while not entirely known, is possibly due to its
antioxidant effect, resulting in the reduction of oxidative stress within the kidney [19]
[20]. As shown in Figure 8(a), there were significant differences in the normalized X
value between the CDDP (1) and Methimazole (1) groups on day 7 and between the
CDDP (1) and Methimazole (2) groups on days 2, 4, and 7. These findings support the
results reported by Braunlich et al [19] and Osman et al [20]. Furthermore, the nor-
malized K values in the Methimazole (2) group were always significantly higher than
those in the Methimazole (1) group. These results suggest that the protective effect of
methimazole against cisplatin-induced nephrotoxicity is enhanced by the multiple in-
jection of methimazole. Thus, our method will also be useful for investigating the op-
timal drug administration schedule.

Angiotensin-converting enzyme (ACE) activity plays a major role in arterial hyper-
tension and nephrotoxicity. Accordingly, ACE inhibitors such as captopril are effec-
tively used as antihypertensive agents, and suggested to ameliorate nephrotoxicity [21].
Taurine is a non-essential amino acid produced by the body through the synthesis of
two other amino acids, methionine and cysteine, and is an important component of bile
acids, which are used to absorb fats and fat-soluble vitamins [31]. It also regulates
heartbeat; maintains the stability of cell membranes; transports calcium in and out of
cells; and regulates the activity of brain cells [31]. Taurine is also a potent antioxidant
agent [22]. As shown in Figure 9(a), the normalized K values in the Taurine group
were significantly higher than those in the CDDP (1) group 2, 4, and 7 days after cispla-
tin injection. Although the normalized K value in the Captopril group was significantly
higher than that in the CDDP (1) group 7 days after cisplatin injection, the extent of
improvement of the normalized K value in this group was lower than that in the Tau-
rine group, suggesting that taurine may be more effective against cisplatin-induced

nephrotoxicity than captopril under the studied condition. These results suggest that
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our method will be helpful for selecting the optimal drug against renal injury.

5. Conclusion

We developed a method for quantifying renal function using DCE-CT and investigated
the protective effects of various antioxidant agents (L-ARG, NAC, methimazole, capto-
pril, and taurine) against cisplatin-induced nephrotoxicity in rats. Our results demon-
strated that these antioxidant agents have protective effects against cisplatin-induced
nephrotoxicity in varying degrees. Our method will be useful for quantitatively eva-
luating the extent of renal injury and the therapeutic effect of medication against renal
injury and for investigating the optimal injected dose and schedule of medication as a
tool for preclinical studies, because it allows repeated measurements of split renal func-

tion in a single animal.
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